Abstract-The distribution and crystal-chemical characteristics of chlorite, corrensite, and mica in sam ples from a stratigraphic profile in the Cameros basin are controlled by changes in the sedimentary facies, The lacustrine marls and limestones from the base and the top of the profile contain quartz + calcite + illite ± dolomite ± chlorite ± albite ± paragonite ± Na, K-rich mica. Chlorite is rich in Mg, with Fe/ (Fe + Mg) ratios ranging between 0. 18-0.37. A formation mechanism involving reaction between Mg rich carbonate and dioctahedral phyllosilicates is proposed for these Mg-rich chlorites, on the basis of the mutually exclusive relationship found between Mg-rich chlorite and dolomite, together with the rel ative increase in the proportion of calcite in samples containing chlorite.
INTRODUCTION
Chlorite and corrensite (1: 1 regular interstratifi ca tion of chlorite and smectite) occurrences have been described in different geological contexts. Both phases are commonly found as a product of hydrothermal al teration of various types of igneous rocks (Meunier et al., 1988; Shau et al., 1990; Shau and Peacor, 1992; Schiffman and Staudigel, 1995; Bettison-Varga and Mackinon, 1997; Schmidt and Robinson, 1997) or re lated to diagenesis of volcanoclastic sedimentary ma terials (Almon et al. , 1976; Chang et al. , 1986; Peacor, 1994a, 1994b) . In addition, they are fre quently associated with ancient marine evaporites (Bodine and Madsen, 1987) or lacustrine mudrocks (April, 1981; Hillier, 1993) .
In most occurrences, a sequence of transformation from smectite to corrensite and chlorite is observed, either by hydrothermal alteration in active geothermal fields (Schiffman and Staudigel, 1995) or by diage netic reactions (Chang et aI. , 1986; April, 1981) . How ever, corrensite and chlorite may also form by replace ment of biotite Peacor, 1994a, 1994b; Li et al. , 1998) and amphibole (Meunier et aI., 1988) , or by reaction between Mg-rich carbonate and dioctahedral clay minerals (Hutcheon et aI. , 1980; Hillier, 1993) . In recent years it has been debated whether the transition from smectite to chlorite occurs as a continuous pro gressive transformation characterized by random and regular interlayering of different proportions of the end-member phases, as described by Bettison-Varga et al. (1991) , or if such transition is more accurately de scribed as discontinuous steps between discrete smec tite, corrensite, and chlorite (Shau et al., 1990; Hillier, 1993 Hillier, , 1995 Schiffman and Staudigel, 1995; Roberson et al. , 1999) . Shau and Peacor (1992) suggested that the continuous transition occurs within incompletely recrystallized samples (i.e., those affected by relatively low fluid/rock interactions), whereas for higher fluid/ rock ratios the discontinuous transformation is fa vored, and only the discrete phases are present. This paper describes the occurrence, mineral asso ciation, and crystal-chemical aspects of chlorite, cor rensite, and micas in fluvio-lacustrine sediments from a stratigraphic profile through the Thitonian-Berriasian (Upper Jurassic-Lower Cretaceous) depositional se quence in the Cameros basin of northeast Spain. Dif- 
GEOLOGICAL SETTING AND SAMPLES
The Cameros basin represents the thickest sedimen tary record within the Mesozoic basins of the Iberian Range for Late Jurassic to Early Cretaceous ages. Pre dominantly continental sediments of :S9000 m accu mulated in this extensional basin from the Tithonian to the Early Albian. Mas et al. (1993) considered these sediments as a megasequence bounded by major dis continuities divided into six depositional sequences (DS 1 to DS6).
An outstanding feature of the Cameros basin is a low-grade metamorphic event, which according to K Ar dating of authigenic illites (Casquet et al., 1992) occurred during Middle to Late Cretaceous times (108-86 million years ago). On the basis of mineral ogical, petrological, and fluid inclusions data, Casquet et al. (1992) related the metamorphism to the circu lation of hot migratory fluids within the basin. The distribution of clay mineral assemblages and crystal linity data of illite and chlorite for the Latest Berria sian to Early Aptian depositional sequences (DS2 to DS5 following the schema of Mas et al., 1993) indi cate a progressive decrease in metamorphic grade from the depocentral sector to the borders of the basin (Bar renechea et al. , 1995; Alonso-Azcarate et al. , 1995) . Both studies, together with the results of Alonso-Az carate et al. (1999) on the formation mechanism of the sulfide deposits, are in good agreement with a hydro thermal origin of metamorphism.
During the Paleogene and Early Miocene, the Ca meros basin was inverted by a north-directed neo formed thrust over the Tertiary sediments of the Ebro basin (:S30 km of displacement) and a system of thrusts at the southern margin over the Tertiary Duero basin (Mas et al., 1993; Guimeni et al., 1995) .
The studied samples are mudstones, marls, and limestones collected from a thick stratigraphic cross section (Matasejun profile, 1146 m) through most of the Tithonian-Berriasian depositional sequence (upper part of Tera Group and Oncala Group) in the depo central area of the basin (Figure 1 ). According to Mas et al. (1993) , this depositional sequence represents the beginning of the filling of the basin. A detailed de scription of the Matasejun profile is in G6mez Fernan dez (1993) . This profile is characterized by an alter nation of lacustrine marls and limestones with green, gray, and ocheI' mudstones and quartzites, which are flood-plain deposits from a meandering fluvial system. The lowest 250 m of the profile consist predominantly of limestones which contain ostracods and show evi dence of frequent dessication. Scarce mudstones and quartzites are interbedded with limestones. The over lying 600 m are dominated by gray, black, and green mudstones with variable proportions of interlayered channelized quartzites and less frequently with tabular gray and black limestones. A progressive increase in the proportion of marls and limestones is observed in the top of the profi le, where gray laminated limestones are found rich in ostracods and bivalves.
METHODS
Bulk mineralogy was obtained from X-ray diffrac tion traces of non-oriented powder samples combined with petrographic observations. Approximately 100 g of each sample were ground in a tungsten-carbide swing-mill for 20 s. This short grinding time did not apparently affect the X-ray diffraction traces, which suggests the lack of structural damage of the phyllo silicates. Samples containing carbonate were treated with 5% acetic acid and washed with deionized water. The <2-fLm size fraction was obtained using differ ential tubes and millipore fi lters. Following Ca-satu ration and washing, air-dried oriented mineral aggre gates were prepared by pipetting suspensions (�5 mg/ cm 2 ) onto glass slides. Samples were solvated with ethylene glycol and, in some cases, were subjected to thermal treatment (550°C for 1 h).
Non-oriented powders and oriented clay aggregates «2-fLm size fraction) of each sample were examined in a Siemens D5000 diffractometer, equipped with a graphite monochromator, using the Siemens SOCA BlM Diffract AT3.2 Software. The full-width at half maximum peak height of illite and chlorite (IC and ChC, respectively) were determined to evaluate chang es in diagenetic to low-grade metamorphic conditions. In some cases, the IC values were estimated by a de convolution routine to overcome the overlap with il lite-smectite mixed-layers. As suggested by Frey (1987) , we will refer to the terms diagenesis, anchi zone, and epizone on the basis of the IC values, ac cording to the limits of Kubler (1967) . Chemical compositions were determined using the JEOL JXA-8600 superprobe at the University of Ba sel. Si, AI, Ti, Fe, Mg, Mn, Ca, Na, and K were mea sured using wavelength-dispersive spectroscopy at an accelerating voltage of 15 kV, and a beam current of 10 nA. To minimize evaporation of light elements (e.g., Na), the spot size was 6 fLm. Data were corrected using the PROZA program. Back-scattered electron microscope (BSEM) images were taken on the super probe. The analyses of micas, corrensites, and chlo rites were recalculated on the basis of 22, 25, and 28 oxygen atoms, respectively. Iron was considered as ferrous. Chlorite analyses were selected according to the chemical constraints of Zane et al. (1998) for metamorphic chlorites of greenschists-facies rocks: Na + K + Ca < 0.1 atoms per formula unit (apfu), total octahedral occupancy in the range 11. 7-12.1 apfu, and Si ranging between 5.00-5.65 apfu.
RESULTS
The mineralogical components of the samples stud ied are given in Table 1 . All samples in this profi le contain quartz and white K-rich mica. Calcite is pres ent in most samples from the bottom and top of the profi le, but occurs in a very few samples elsewhere. Dolomite occurs in fi ve samples from the top and one at the base and always with quartz and calcite. Most samples containing dolomite lack chlorite and/or cor rensite. Small amounts of albite were also detected along the profi le, except for samples MAT30, MAT34, and MAT35, which contain paragonite and Na-, K-rich mica. Refl ected-light microscopy revealed relics of framboidal pyrite in some samples.
The clay minerals are dominated by illite, which occurs predominantly as the 2MJ polytype based on the method of Calliere et al. (1982) . However, some samples contained :S25% of the IM polytype. The mean d(060) value of the illite is 1.504 A., with d(OOl) values ranging between 9.97-9.98 A. Figure 2b ) in a relatively well-defi ned siliciclastic in terval within the middle part of the stratigraphic profi le (see Ta ble 1). Corrensite never coexists with dolomite, but it does occur with calcite in a few samples. Cor rensite displays a (001) refl ection at 29 A. which shifts to 31 A. after ethylene-glycol solvation and rational higher-order refl ections to the (0,0,10). The highly ra tional character of the basal refl ections produces a mean coefficient of variability (CV) as proposed by Bailey (1982) of 0.60%. In three samples containing illite and chlorite, the (001) refl ection of corrensite is not well defi ned in the air-dried preparation. However, the sharp peak near 31 A. after ethylene-glycol solva tion is evidence for a regular interestratifi cation of the chlorite and smectite components in these samples. The trioctahedral nature of at least one component is indicated by a strong d(060) reflection at 1.54 A.
Paragonite and Na-, K-rich mica occur in three sam ples (lacking albite) from the top of the sequence. The low-order reflections of these phases overlap with the illite peaks, but the d(005) refl ections at 1.96 and 1.92
A. (for Na-, K-rich mica and paragonite, respectively) are easily resolved from the illite 1.99-A. peak. On the basis of the IC and ChC data, these samples corre spond to the limit between anchimetamorphic and epiTa ble I. Variation in the mineralogical composition and lithology of the samples collected along the Matasejun stratigraphic cross-section. Quartz, calcite, dolomite, and albite contents were estimated from X-ray diffraction traces of unoriented mineralaggregate samples, whereas the phyllosilicate contents were calculated from oriented aggregates of the <2 -fLm fraction. Presence of coalified organic matter was inferred from refl ected-light microscopy and by flotation techniques. Major phase (****), fr equent phase (***), minor phase (**), accessory phase (*). Petrographic observation of polished thin sections using BSEM showed that most samples contain me dium-to coarse-size (below the size of 35 X 10 j.lm) elongated grains of chlorite, mica, and chlorite-mica crystals, surrounded by fine-grained matrix or by ir regular-shaped grains of quartz and albite (Figure 3) . The angular shape of the larger phyllosilicate grains indicates that the chlorite-mica crystals result from the replacement of a detrital phyllosilicate precursor. However, no remnants of such precursors were rec ognized within the studied mudstones. Ti-oxide phases are commonly associated with the chlorite-mica crys tals (Figure 3) , and small zircon grains occur dispersed in the matrix. Corrensite is found as small crystals filling voids between quartz and albite grains, or with in chlorite-mica crystals, where it occurs in association with Ti-oxide phases (Figure 3) . Chlorite and mica form irregular intergrowths of varying thickness with in the larger stacks, although the proportion of chlorite is slightly higher in most cases. The boundary between chlorite and mica domains within the crystals is usu ally difficult to establish. In samples from the lacus trine marls and limestones from the top of the strati graphic profi le where corrensite is lacking, the chlo rite-mica crystals and chlorite grains are frequently in contact with calcite crystals. Representative electron-microprobe analyses of chlorite, corrensite, and mica are presented in Table 2 . Chlorites commonly show high octahedral occupan cies, with totals near ideal for a trioctahedral mineral. For a given sample, chlorite is richer in Fe 2 + and poorer in Si than the corrensites ( Figure 5) . The Mg content is also higher in the chlorites, but the differ ences are much smaller. Consequently, the mean Fe/ I�i ! � . (Fe + Mg) ratios are slightly lower in the corrensites than in the chlorites, averaging 0,51 and 056, respec tively (Table 2) , Corrensite has higher Si and Na + K + Ca contents than chlorite and lower octahedral totals (Figure 6 ), whereas the AI(total) is similar in both phases ( Figure 5 ), When calculated on the basis of 25 oxygen atoms, the sums of non-interlayer cations are close to 17, Note the high K contents for the corrensite Samples MATl! and MAT22 correspond to mudrocks from siliciclastic sediments, whereas samples MAT8 and MAT28
are from the lacustrine carbonates from the base and the top of the profi le, respectively.
analyses, Examples of corrensites where K is a m�or component were reported by Brigatti and Poppi (1984) , Shau and Peacor (1992) , and Jiang and Peacor (1994a) . Muscovite within the chlorite-mica crystals has sig nifi cant Ti and relatively low Na and Ca contents. The Fe/(Fe + Mg) ratios follow roughly a similar distri bution to that described above for the chlorites, with mean values of 0,5 in the mudrocks from the middle of the profi le and 0.34 in the lacustrine marls and lime stones from the base and top of the sequence (Table  2) 
Origin of chlorite and corrensite
In the lacustrine marls and limestones from the base and top of the profi le, the inverse relationship ob served for the amounts of chlorite and dolomite (Table  2) is noteworthy. In addition, chlorite has a high Mg content. These data indicate that chlorite and chlorite mica crystallization involves the destabilization of do lomite, because dolomite provides a Mg 2 + -rich source with little Fe 2 +. Hillier (1993) observed a similar re lation for lacustrine mudrocks from the Orcadian ba sin, and he suggested that chlorites and corrensites formed in his samples from a reaction between dolo mite (to provide Fe and Mg) and detrital dioctahedral clay minerals and quartz (to provide Si and AI). This reaction, also proposed by Hutcheon et al. (1980) , im plies the formation of calcite from lacustrine facies: 15Dolomite + 2Illite + 3Quartz + llWater
A similar reaction may be applied here because cal cite-bearing samples contain chlorite and both phases are frequently in contact. Thus, reactions involve a breakdown of dolomite and further reaction with illite or illite-smectite mixed-layered phases, followed by direct precipitation in the matrix and replacement of detrital phyllosilicate grains, to yield Mg-rich chlorites and calcite.
However, the absence of dolomite and calcite and the Fe-rich chlorites and corrensites observed in the mudrocks of the middle part of the profi le are difficult to explain by Reaction (1). Chlorite, corrensite, and micas form parallel to sub-parallel intergrowths which are commonly associated with Ti oxides. Chlorite and corrensite occur also as small crystals fi lling voids be tween albite and quartz grains. In addition, the com positions of chlorite, corrensite, and mica within a given sample follow a similar trend, especially with respect to Fe/Mg ratios. These features suggest a for mation mechanism of the phyllosilicates by replace ment of a detrital phyllosilicate precursor, most prob ably igneous biotite. A similar occurrence of corren site, chlorite, and chlorite-mica crystals by replace ment of detrital biotite in a prograde sequence of pelitic rocks from the Gaspe Peninsula in Quebec was described by Peacor (1994a, 1994b) . They suggested two possible mechanisms of formation for chlorite and corrensite during diagenetic alteration: 1) layer-by-Iayer replacement of biotite, and 2) dissolu tion-transport-precipitation. Subsequent prograde evo lution of illite and corrensite-chlorite produces mus covite and chlorite, respectively. They also found that biotite alteration is closely related to the formation of titanite and magnetite in diagenetic rocks, and pyrite, calcite, and Ti oxides in the higher-grade rocks. Sim ilarly, Li et al. (1998) described the formation of sul fi des during alteration of biotite in a Middle Tr iassic ash bed from South Otago, New Zealand. Textural re lationships, together with compositional data (presence of Ti oxides, Fe/Mg ratios of the phyllosilicates, etc. ), suggest a similar formation mechanism for chlorite, corrensite, and mica from the Cameros basin. Al though no remnants of detrital biotite were identifi ed, unaltered detrital biotite grains in the Western Sector of the Cameros basin were found by Santos and Blan co (1993) . Furthermore, Mata et al. (1999) suggested that igneous biotite is probably the precursor for phyl losilicate intergrowths of the overlying metasediments of the Late Berriasian to Early Aptian depo � itional se quences.
Some aspects of the origin and distribution of cor rensite remain unclear, such as the factors controlling the presence of coexisting phases. The most signifi cant difference between samples containing corrensite + chlorite and those where corrensite occurs as the only trioctahedral phyllosilicate is the presence of organic matter in the former and not in the latter (Table 1) . These differences suggest local changes in oxygen fu gacity, f(0 2 )' conditions. Well-preserved organic mat ter is indicative of reducing conditions. In an experi mental study on the stability of various dioctahedral and trioctahedral phyllosilicates, Velde (1977) noted the importance of the AP+ and/or Fe3+ content of the mineral assemblage (estimated indirectly from the presence or absence of organic matter). He concluded that corrensite crystallization is related to the Fe3+ con tent. Surdam and Crossey (1985) suggested thatf(0 2 ) andf(C0 2 ) conditions during diagenesis are controlled by an oxidation-reduction reaction involving clay transformations and kerogen maturation. The forma tion of corrensite instead of chlorite in hydrothermal veins within a Paleozoic granite from the Vosgues Massif is also related to redox conditions, as indicated by the presence of hematite (Meunier et al. , 1988) . Finally, Jiang and Peacor (1994a) suggested that chlo rite or corrensite in pelitic rocks depends on local changes of f(0 2 ) and f(C0 2 ), possibly related to de carboxilation reactions of the organic matter. Thus, we suggest that oxidizing conditions favored corrensite alone in our samples, whereas the occurrence of cor rensite + chlorite was related to reducing conditions.
Compositional variations of chlorite and corrensite
Both Mg and Fe-rich chlorites were found in sam ples from the profi le, with variations in composition dependant upon the sedimentary facies. However, chlorite compositions within a given sample are nearly homogeneous. Hillier (1993) suggested that coexisting Mg and Fe-rich chlorites within a diagenetic mudrock are indicative of disequilibrium at the microscopic scale. In contrast, Jiang and Peacor (1994b) and Jiang et al. (1994) described heterogeneous chlorite com positions in diagenetic and anchizonal samples, which become progressively more homogeneous in the epi zone. In our study, metamorphic conditions estimated from IC and ChC data are between anchizone and ep izone, which is consistent with the observed homo geneity in chlorite compositions within a given sam ple. Differences in Fe/(Fe + Mg) ratios seem to be related to the composition of the precursor material (e. g. , presence of dolomite, etc. ), which is intimately linked to the sedimentary facies. As shown by Zane et al. (1998) , the bulk-rock chemistry controls the composition of metamorphic chlorites, and it largely obscures systematic compositional changes caused by temperature and pressure.
As mentioned above, corrensite is commonly asso ciated with Fe-rich chlorite. The analyses of corrensite are similar to those of Inoue (1985) , Shau et al. (1990) , Shau and Peacor (1992) , Jiang and Peacor (1994b) , and Schiffman and Staudigel (1995) , with higher Si and Na + K + Ca contents and slightly lower values of Fe/(Fe + Mg) than chlorites. Higher substitutions of octahedral Fe 2 + for Mg 2 + in the chlorites may com pensate for the distortions introduced by the substitu tion of the larger AP+ cation for Si4+ in the tetrahedral sheet (Shau et al., 1990) . However, Hillier (1993) , Bet tison-Varga et al. (1991), and Mackinnon (1997) found no changes in the Fe/Mg ra tio of coexisting chlorites and corrensites. Our results indicate a clear difference between chlorite and cor rensite compositions, with well-defi ned ranges for each phase (Figures 4 and 5) .
Implications on the type and conditions of the metamorphism Casquet et al. (1992) , Barrenechea et al. (1995) , and Alonso-Azcarate et at. (1995) suggested the impor tance of the circulation of hot migratory fluids in the development of metamorphism in the Cameros basin based on the following observations: (1) the age of the main thermal event (Middle to Late Cretaceous), which clearly post-dates the filling of the basin, (2) the close relationship between physical characteristics of the sedimentary facies (i. e. , permeability, porosity) and the distribution of mineral assemblages (and IC, ChC), (3) the abnormally high geothermal gradient, and (4) the presence of large concentrations of large pyrite crystals with inclusions of chloritoid (Alonso Azcarate et al., 1999) in the Barremian depositional sequence at the southeast sector of the basin.
Corrensite is commonly stable at deep-diagenetic or low-anchimetamorphic conditions. However, the IC and ChC values in these samples from the Matasejun profi le are characteristic for the boundary between an chimetamorphism and epimetamorphism. In addition, low-grade metamorphic conditions were inferred by Barrenechea et al. (1995) for the chloritoid-bearing mudstones of the overlying Late Berriasian-Valangi nian depositional sequence in the same area. Thus, the corrensite in our samples appears to have formed out of its stability fi eld. In contrast, Hillier (1993) showed that no direct relationship exists between the transfor mation of corrensite to chlorite and pressure and tem perature during diagenesis and pro grade metamor phism. Corrensite in clastic sedimentary rocks occurs in a range of temperatures much lower than in hydro thermally altered rocks (Frey, 1987) .
On the basis of the above discussion, we suggest that the formation of corrensite was related to a tem perature rise occurring over a relatively short period. The different reaction rates for the phases present ex plain the apparent discrepancy between the metastable mineral assemblage and the IC and ChC data, sug gesting formation between the anchizone and epizone. If these rocks belong to a typical pro grade sequence of diagenesis to low-grade metamorphism, corrensite would not exist and chlorite would be present. Presum ably, hot migratory fl uids can provide a sufficient source of heat over a short period. Thus, the presence of corrensite is probably additional evidence for the hydrothermal character of the metamorphism in the Cameros basin.
Note the absence of random chlorite-smectite inter layering within these mudrocks. Shau and Peacor (1992) suggested that a continuous transition (char acterized by random and regular interlayering of dif ferent proportions of smectite and chlorite) occurs in samples affected by relatively low fluid/rock interac tion, whereas for higher fluid/rock ratios a discontin uous transformation is favored, and only discrete phas es (chlorite ± corrensite ± smectite) are present. This suggestion usually involves materials from hydrother mal alteration of basaltic rocks where there is evidence of pervasive fl uid interaction. However, rocks from the Cameros basin presumably have low fluid/rock ratios, because corrensite occurs within compacted mud stones interbedded with sandstones, and thus these rocks are least likely to have interacted with large vol umes of water. Hence, the hydrothermal event would have largely been a thermal event in the mudstones.
Nevertheless, the permeability in these mudrocks may have been enhanced by a combination of the het erolithic character of these sediments (mudstone/sand stone; marls/limestone), as a consequence of frequent lateral-facies changes, and by widespread hydroplastic microfractures produced at an early stage and pre served during compaction of the sediments. These mi crofractures were first described by Guiraud (1983) in different parts of the Cameros basin. In a study of the large pyrite deposits from the eastern sector of the ba sin, Alonso-Azcarate et al. (1999) suggested that these fractures were responsible for an increase in the per meability of the mudrocks, and related their distribu tion to geometry and size of the deposit. Assuming that the permeability of the mudrocks was enhanced by the above mechanisms, it is possible to relate the absence of random chlorite-smectite interlayering to a high fluid/rock ratio.
